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SUMMARY 3397 
A modified technique using a p a r t i a l l y  f i l l e d  rec tangular  cavi ty-  

resonator  i s  described. This  technique i s  analogous t o  the  technique 

c 
descr ibed e a r l i e r  by the author i n  which a p a r t i a l l y  f i l l e d  tunable  cy l in -  

d r i c a l  c a v i t y  resonator  is employed. The theory and the  method of opera t ion  

of t h i s  technique are discussed and t h e  s p e c i a l  advantages r e s u l t i n g  from i t s  

use a r e  pointed out. 
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In t roduct ion  

A number of resonance methods of d i e l e c t r i c  measurements have been 

1 2 3 4 described e a r l i e r  by Lamb , Horner , Col l i e  e t  a1 and Sinha . I n  Lamb's 

method one needs a d i s c  sample with an accurate  f i t  w i th  the diameter of 

the Holn c y l i n d r i c a l  cav i ty  resonator used. Hots ton , ,  however, has  worked 

out a pe r tu rba t ion  r e l a t i o n  by which one may eva lua te  the real  p a r t  of the 

p e r m i t t i v i t y  i n  the Lamb's technique f o r  d i s c  samples having a considerable  

c learance between themselves and the inner  wa l l s  of the  cavi ty .  He  does not ,  

however, i nves t iga t e  the p o s s i b i l i t y  of the eva lua t ion  of loss - tangents  f o r  

such'samples and hence one needs to  use a sample with a good f i t  f o r  re- 

l i a b l e  eva lua t ion  of loss- tangent .  Horner uses rod samples long i tud ina l ly  

f i l l i n g  a non-tunable E 

f i l l e d  wi th  water  extending coaxial ly  along the e n t i r e  length  of a Ho 

c a v i t y  f o r  the eva lua t ion  of the d i e l e c t r i c  p rope r t i e s  of water. 

Brown, ho..jever, have described a technique us ing  a H o  

where the samples a r e  i n  the form of rods which p a r t i a l l y  f i l l  the cav i ty  along 

i t s  ax i s .  This  technique o f f e r s  the f a c i l i t y  t h a t  the sample need no t  have 

an accura te  f i t  wi th  respec t  t o  any one dimension of the cav i ty  and a l s o  the 

c a v i t y  being tunable ,  a l l  the measurements could be made a t  any f ixed  f re -  

quency. 
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c a v i t y  while Co l l i e  uses a t h i n  c a p i l l a r y  010 

I n  

Sinha4 and 

c y l i n d r i c a l  cav i ty  I n  

I n  p rac t i ce  t h i s  method proved very successful  except t h a t  the advantages 

obtained r e su l t ed  from an increased coaputat ional  work due t o  the complex 

s o l u t i o n  of the Maxwell's f i e l d s  ins ide  the system and a l s o  t h a t  one i s  l imited 

only t o  rod saaples .  
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As it i s  q u i t e  o f t en  the  case t h a t  the d i e l e c t r i c  mater ia l s  a re  ava i lab le  

i n  the  form of plane shee ts ,  i t  was f e l t  des i rab le  therefore ,  t o  have a 

technique which could have most of the  advantages of the  aforementioned 

4 technique and could employ a sample i n  the  form of a shee t  o r  plane s l a b  

I 
for the de r iva t ion  of i t s  e l e c t r i r n t  prnpertles. Efe~ce, =. p a r t i a f l y  f i l l s d  

technique has been developed using a rectangular  cav i ty  resonator  formed by 

using a standard x-band waveguide, i n  which the samples would be i n  the form 

of t h i n  shee ts  p a r t i a l l y  f i l l e d  the cav i ty  along i t s  length  and having t h e i r  

widths equal t o  the narrow dimension of the guide. 

be i n  contac t  wi th  the  s idewall  o r  a l t e r n a t i v e l y  be i n  the  cen te r  of the 

The sample could e i t h e r  

- cross-sect ion of the guide. The other end of the guide i s  closed by a 

tuning plunger. 

through holes  i n  the s ide  w a l l s .  

The cav i ty  i s  coupled t o  the generator  and the de t ec to r  

1 

It must be mentioned here ,  however, t h a t  although one of the  major I 

-advantages ava i lab le  by using the cy l ind r i ca l  cav i ty  resonator  method, i . e . ,  

of having specimens t h a t  do not  need t o  have an accurate  f i t  wi th  any of the 

c a v i t y  dimensions, i s  not  present ,  i t  has a l l  the  o ther  des i r ab le  fea tures .  

I n  fact ,  as the so lu t ion  of the  Maxwell's equations for- t h i s  system turns  

out  t o  be simpler than  the  so lu t ion  f o r  the c y l i n d r i c a l  resonator  system, 

the  expressions f o r  the  var ious parameters i n  terms of the measurable 

q u a n t i t i e s  ( the  guide wavelength i n  the p a r t i a l l y  f i l l e d  por t ion  and the 

Q f a c t o r s  f o r  two d i f f e r e n t  i n se r t ions  of the sample d i f f e r i n g  by ha l f  a 

I 
I wavelength) t u rn  out t o  be much simpler,  thereby, reducing the corputa t iona l  

l abor  considerably as  compared t o  the technique described previously . 
a d d i t i o n ,  a s  the cav i ty  i n  t h i s  case i s  operated i n  i t s  dominant mode and 

4 
I n  
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the dimensions of the  c a v i t y  a re  such t h a t  theproblems due to  the  presence 

of unwanted modes a r e  no t  encountered. This  i s  a d e f i n i t e  advantage over 

the au thor ' s  previous technique i n  which the  experiment i s  done i n  the  HO 

mode which i s  not  the  dominant mode of the c y l i n d r i c a l  cav i ty .  

precaut ions are taken i n  dimensioning the c a v i t y  f o r  the suppression of the  

unwanted modes. 

In 

Hence, s p e c i a l  

It is  a l s o  bel ieved t h a t  the l i m i t a t i o n  of having the sample width 

equal  t o  the  narrow dimension of the c a v i t y  i s  not a g r e a t  inconvenience due 

t o  the simple shape of the sample and the convenient s i z e  of the cav i ty ' s  

c ross  sec t ion .  

I n  addi t ion ,  the  samples can  e i t h e r  be i n  the  cen te r  w3ere the e l e c t r i c  

f i e l d  and hence the per turba t ion  i s  t h e  maximum o r  a l t e r n a t e l y  the  sample 

could be a t  the  s i d e  walls when the pe r tu rba t ion  i s  small. One can use the  

former conf igura t ion  f o r  the inves t iga t ions  of low p e r n i t t i v i t y  and low 

e l e c t r i c  loss mater ia l s  while  the l a t t e r  conf igura t ion  w i l l  o f f e r  advantages 

f o r  the  ma te r i a l s  having high p e r m i t t i v i t i e s  and higher  e l e c t r i c a l  l o s ses .  

Outl ine of the Method 

The procedure involved i n  the eva lua t ion  of the  var ious parameters a r e  

exac t ly  the  same as i n  the au thor ' s  previous method and i s  out l ined  below. 

The real  p a r t  of the pe rmi t t i v i ty  i s  evaluated from the measured value 

of the wavelength in s ide  the p a r t i a l l y  f i l l e d  por t ion  of the cav i ty  and 

the  loss- tangenet  i s  obtained by measuring the Q of the cav i ty  corresponding 

t o  the  two i n s e r t i o n s  of the d i e l e c t r i c  specimen d i f f e r i n g  by h a l f  a guide 

wave 1 eng t h  . 
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The photograph of the c a v i t y  system used i n  the  present  work i s  shown 

i n  Fig.. I. 

and is resonant  i n  i ts  dominant KO mode.. A t  one of the  closed ends there 

is a provis ion  €or the tuning of the cav i ty  by the  accura te ly  cont ro l led  

movement of theplunger while a?- the n t h e r  e d  p r s i ' l s i ~ ~ i  has Zssii made ivr 

the cont ro l led  i n s e r t i o n  of the d i e l e c t r i c  sample i n s i d e  the cav i ty  e i t h e r  

The cav i ty  i s  made from a length  of s tandard X-band waveguide 

14 

along i t s  cen te r  or along i t s  s i d e w a l l .  This end of the  cav i ty  i s  terminated 

by a t h i c k  backing p l a t e  having recesses  c u t  both a t  the  cen te r  and along the 

ends. Provis ion has been made €or c los ing  e i t h e r  the c e n t r a l  recess  o r  the 

end recess on t h i s  p l a t e  depending on whether one i s  i n s e r t i n g  the sample 

through the  cen te r  or  through the s ide.  The width of these recesses  can 

a l s o  be var ied  by screwing i n  rec tangular  p l a t e s  i n  order  t o  be able  t o  

, i n v e s t i g a t e  samples having d i f f e r e n t  thicknesses.  The o ther  end of the 

sample i s  held by a screw i n  a recess  on another f ixed  p l a t e  which i s  at tached 

t o  the s h a f t  of a micrometer i n  order t o  i n s e r t  the sample in s ide  the c a v i t y  

by measured amounts. 

s u f f i c i e n t l y  t h i c k  s o  that no power may l eak  out  of the cav i ty  through the 

r eces ses  provided f o r  the i n s e r t i o n  of the samples. 

genera tor  and the de t ec to r  i s  made through holes  c u t  i n  the s idewalls .  

The backing p l a t e  on the d i e l e c t r i c  s i d e  i s  chosen 

The coupling t o  the 

The wavelength i n  the  p a r t i a l l y  f i l l e d  por t ion  i s  evaluated from the 

curve obtained by p l o t t i n g  the  t o t a l  length of the cav i ty  system aga ins t  the 

l eng th  of i n s e r t i o n  of the d i e l e c t r i c  and the r e s u l t i n g  curve i s  i d e n t i c a l  

in form t o  those obtained by the w e l l  known FeenSerg6 method. 

The q u a l i t y  f a c t o r  i s  evaluated a t  a f ixed  frequency f r o n  the resonance 

curve by detuning the c a v i t y  wi th  the he lp  of the  tuning plunger. The 

. .  
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expression c o r r e l a t i n g  the ha l f  width frequency Af with the corresponding 

.b& 

* . Theory 

i s  obtained by d i f f e r e n t i a t i n g  the  equation as  shown i n  the  appendix, 

The cav i ty  system under discussion i s  b a s i c a l l y  a s  shown i n  Fig.  2 

cons i s t ing  of a length 'ld" of the empty w a v e p i d e  and a l eng th  "4'l of the 

p a r t i a l l y  f i l l e d  waveguide. 

assumed t o  be loss - f ree  and a s  such can be represented by an i d e a l  t rans-  

7 former wi th  a tu rn  r a t i o n  "n" a t  c e r t a i n  c h a r a c t e r i s t i c  reference planes . 

The junct ion between the two waveguides may be 

The equiva len t  c i r c u i t  of the  system can, therefore ,  be shown as i n  Fig.  3 

where d and to a re  taken t o  be the  d is tances  of the re ference  planes 

f r o m  the ac tua l  junc t ion  i n  order t o  account f o r  the  phase changes introduced. 

0 

The condi t ion t h a t  the c i r c u i t  of F i g .  3 should resonate a t  a given f r e e  space 

- where B,, B, a re  the  phase change c o - e f f i c i e n t s  and zl, Z2 the  wave 

impedances i n  the empty and p a r t i a l l y  f i l l e d  port ions of the  cav i ty  

respec t ive ly .  Now, ins tead  of specifying both the impedances i n  the  above 

equat ion one can spec i fy  only one impedance, say Z1 and put n = 1. The 

value of Z2/Z1 i s  f ixed.  Hence Z2/Z1 can be used a s  the t h i r d  parameter 

t o  g ive  the  value of the r e f l e c t i o n  c o e f f i c i e n t  a t  a d i scont inui ty .  

a procedure has been j u s t i f i e d  by Col l in  and Firown 

v a r i a t i o n a l  method and a l s o  by Sinha' by using a d i f f e r e n t  approach. 

Such 

8 by using Schwinger's 

The equat ion (l), therefore ,  i s  now w r i t t e n  as: 

.. . 
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d'  = d + do and 4' = 4 + 4 
0 

where 

I 

The above equat ion coupled with Feenberg's theory can the re fo re  be used 

t o  p r e d i c t  the  form of dependence between 4' and d ' .  I n  the present  

app l i ca t ion  i t  is  most convenient t o  p l o t  

of (d' + 4 ' )  agains t  

(d + 4) vs 

(d' + 4') aga ins t  4,'. The curve 

4' has the shape shown i n  Fig.  4 .  The curve of 

4 w i l l  a l s o  have the same slope but  w i l l  be displaced by an 

I amount 4 along the  ho r i zon ta l  axis  and by an amount ( d  0 + to) along 
0 

the v e r t i c a l  axis .  The man s lope  of t he  curve, i .e . ,  the s lope  of the 

dot ted  l i n e ,  is given by . The TJalue of t h i s  s lope can be measured 

from experiment and f i ,  can be simply ca lcu la ted .  This  enables  the de te r -  

minat ion of $,, i .e.,  the  phase change c o e f f i c i e n t  i n  the p a r t i a l l y  f i l l e d  

I 

I i (8,-8,> 

B2 

I port ion.  Hence, the only remaining s t e p  i n  the de t e rn ina t ion  of B r i s  I 

- t he  c o r r e l a t i o n  of 8, wi th  B . r 

It may a l s o  be mentioned t h a t  the values  of and to, defined i n  

Eq. ( 3 ) ,  can be determined from the curve of (d + 4,) vs 4 as i t  can be 

shown t h a t  corresponding t o  i t s  point of maximum slope,  
d 4  t d o - d o  = pxlh + Ct x '14 - -  - - - .  - 

and 

( 5 )  - -  

shown t h a t  corresponding t o  i t s  point of maximum slope,  

and 

p and q i n  the above equat ions are in t ege r s  and e a s i l y  deducible from the 

known values  of Al ,  h2 and the physical l ength  of the cav i ty .  The values  

of do and 'to a r e  needed i n  some of the de r iva t ions  as will be seen l a t e r .  



The foregoing d iscuss ion  i s  val id  €or both the  cases ,  i .e . ,  when the 

sample i s  i n  contac t  with the  s i d e  w a l l  and a l s o  when the sample i s  a t  the  

cen te r  of the c ros s  sec t ion .  

Evaluat ion of E from B ( A  ) 

(ij 

-2-2- . 
Case when t h e  sample i s  i n  contact  w i t h  the  s idewal l  

' The arrangement f o r  t h i s  case i s  shown i n  Fig.  5. Pincherley" has  

considered such a system and obtained the  c h a r a c t e r i s t i c  equations f o r  the 

The same equat ion , however, i s  more HO1 mode support ing 

r e a d i l y  obtained from t ransverse  resonance condi t ions and i s  w r i t t e n  as 

H and H . Ex, y z 
II 

4, (k , f )  t ,- * , ( k , t )  - - - - - - - * - - ( 6 )  

- where 4, <C$] = iQnk$/K,t and 9, (kat  1 : L~urkCp ) / k a t  

K and K appearing i n  the above equat ions are of the  nature  of 1 2 
- propagation cons tan ts  and a r e  given by: 

(7) 

(8) 

h2 

b2 - - -2p,co- 8" - 

= d r , E , -  B' - - - - - 

- c 

where c1 i s  the p e r m i t t i v i t y  of the ssmple and f3 i s  the phase change 

c o e f f i c i e n t  i n s i d e  the guide system. 

K2 The procedure f o r  the .eva lua t ion  of e from f3 i s  as follows. 

is f i r s t  obtained from Eq. (8) and K 1 

cedenta l  Eq. (6). The subs t i t u t ion  of K i n  the  Eq. (7)  now enables  the 

, the r e l a t i v e  pe rmi t t i v i ty  of the sample. determinat ion of 

r 

may then be evaluated from the t rans-  

1 

or  5 
I n  p rac t i ce ,  hmever ,  i t  is  des i rab le  t o  have cha r t s  from which the 

d i e l e c t r i c  paraneters  could be read d i r e c t l y ,  given the required experimental  

data .  

and for th ree  d i f f e r e n t  frequencies,  i .e . ,  8 Kmc, 10 Kmc and 1 2  Kmc, and 

Such c h a r t s  have been computed f o r  a range of the sample thicknesses  
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are given i n  Figs.  6 ,  7 and 8 respec t ive ly .  

(ti) The sample along the cen te r  of the c ross  sec t ion  of t h e  guide. 

The c ross  sec t ion  of the  arrangement having the  sample along the cen te r  

of t h e  guide is  shown i n  Fig. (9 ) .  

by Vartanian 

Such a system has  been considered ea r l i e r  

12 e t  a l ,  who obtained the c h a r a c t e r i s t i c  eqiiation far t h i s  systemj 

support ing e i t h e r  E or  H mode. However, the same equat ion i s  obtained 

simply by the  t ransverse resonance condi t ions  and is given for the  dominant 

HO1 mode as 

Once again, Ki and K; i n  E q .  (9) are given by the  following r e l a t ions :  

8' being the phase change c o e f f i c i e n t  f o r  t h i s  configurat ion.  

The procedure f o r  eva lua t ing  € -from E q s .  (9-11) a r e  the same as f o r  r 

the  previous case.  The theo re t i ca l  c h a r t s ,  f o r  d i r e c t l y  reading B from 

the  exper.imenta1 da ta ,  have been prepared f o r  a range of sample s i z e s  f o r  

r 

t h i s  case and a r e  shown i n  Figs.  (10-12) f o r  the respec t ive  frequencies  of 

8, 10 and 1 2  Kmc/s. 

Limi ta t ion  on the Thickness of the Sample 

It mus t  be mentioned a t  t h i s  s tage  t h a t  although the re  i s  no spec i f i c s r ion  

regard ing  the prec ise  value of the  thickness  t o  be measured by e i t h e r  of these 

methods, a l i m i t a t i o n  t o  the thickness of the sarnple i s  imposed by the  condi t ion 
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I of s i n g l e  mode propagation because above a c e r t a i n  value of the thickness ,  
I 

the cav i ty  i n  add i t ion  t o  the dominant mode can support  the next  h igher  

mode and the experimental determination of wavelength i s  complicated as the  

curve of d + 4 vs becoines very i r r e g u l a r  f o r  such a case. Hence, the 

tfiCct,rtssr gf the clmnln rn--n=ponding t r ?  aqr par+_iculpr 

t h a t  the  

Q shoi.ild be such r c-- ------ 

H02 mode i s  c u t  of f .  

This value of e f o r  H02 cut-off i s  determined from Eqs. (6-8) f o r  

t he  s i d e  f i l l e d  case by pu t t ing  f3 equal t o  zero  i n  the eqs. 7 and 8, as 

the  form of the  c h a r a c t e r i s t i c  equation remains unchanged f o r  the HO 

r 

10 mode. 2 

For the case of the  c e n t r a l l y  f i l l e d  system, however, one cannot use 

11,12 Dq. -(9) as the  c h a r a c t e r i s t i c  equation f o r  H02 mode i s  given by 

ROW, by using E q s .  (10-12) and put t ing  8' equal  t o  zero,  one can eva lua te  

the maximum value of e 

H02 mode a t  cu to f f .  

corresponding t o  any thickness  f o r  keeping the r 

It must be noted, i n  addi t ion ,  t h a t  K and K; i n  Eqs. (8) and (11) 

become imaginary i f  . 9 o r  8' exceeds 8, o r  f3b , o r  i n  o ther  words, 

the guide wavelength becomes smaller than the f r e e  space wavelength. Hence 

the re  i s  a l i m i t i n g  value of the  thickness of the sample f o r  any p a r t i c u l a r  

8 beyond which one needs t o  evaluate  the hyperbol ic  func t ions  f o r  the 

eva lua t ion  of the  d i e l e c t r i c  parameters. This l i m i t i n g  value o f -  8 f o r  

any thickness  f o r  the two cases  may be obtained from Eqs. (6-8) and Eqs. (9-11) 

2 

r 

r 

and i3' = 8; i n t o  them respec t ive ly .  80 by p u t t i n g  f = 

The curves showing the maximum value of e vs. thickness  f o r  the H02 r 
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.cu to f f  and f o r  the use of only r e a l  func t ions  f o r  the s i d e  and c e n t r a l l y  

loaded cases  a r e  shown i n  Fig.  (13) and (14) respec t ive ly .  

The U s e  of Hyperbolic Functions 

It can  be seen from Fig.  (13) and (14) t h a t  the  condi t ion  f o r  K2 t o  

be real gives  a rower l i m i t i n g  value cjE 6 eeirespondlzg a q  tfilrtness 

as compared t o  the  value obtained f o r  the H02 cu tof f .  

that  i n  the  reg ions  between the t w o  l i m i t i n g  curves,  one can g e t  s ing le  mode 

propagation bu t  an imaginary value of Hence i t  i s  i n t e r e s t i n g  t o  solve 

f o r  the  hyperbol ic  func t ions  i n  t h i s  region as the  ( d  + &) vs & curve i s  

r 

Hence, i t  i s  seen 

K;. 

undis tor ted  and enables  the accurate eva lua t ion  of t he  guide wavelength. 

- - -Consider f i r s t  the s i d e - f i l l e d  configurat ion.  K2 i n  Eq. (8) now 

becomes imaginary, say equal  t o  jX2. Hence, i n  the Eq. (6)  P2 ( K 2 t )  
tan h K 2 t  

K1 
= becomes equal  t o  while Q1(Klt) remains unchanged, as 

K, t 
L remains rea l  due t o  the  l a rge  values of 6 involved. The procedure f o r  

eva lua t ing  c however, remains unaltered except f o r  the  eva lua t ion  of 

tanh K 2 t  i n  place of t a n  K 2 t  . Simi lar ly ,  f o r  the c e n t r a l l y  loaded 

i n  Eq. (11) turns  imaginary and 

r 

r' 

K; 9' ( K ' d )  becomes equal conf igura t ion  2 2  
tanh K'd 

K:d 
2 while  3 '  ( K i t )  remains unal tered.  1 t o  

L 

There i s  no t h e o r e t i c a l  l i m i t a t i o n  f o r  no t  using these  hyperbol ic  r e l a t i o n s  

f o r  the  regions of the h igher  H mode propagations. The l i m i t a t i o n  i s  imposed, 

however, f ron  the  d i f f i c u l t y  i n  obtaining an undis tor ted  experimental 

vs 4, .curve corresponding t o  

( d  + &) 

HOl mode propagation i n  these circumstances. 

The examination of F igs .  (13) and (14) shows t h a t  the use of hyperbolic 

func t ions  i s  p r o f i t a b l e  only f o r  the c e n t r a l l y  loaded conf igura t ion  a s  i n  the 

s i d e  loaded conf igura t ion  the condi t ions of s i n g l e  node propagation and 
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r e s t r i c t i o n  t o  only r e a l  funct ions give the same answer. Theore t ica l  

c h a r t s  for the c e n t r a l l y  loaded configurat ions f o r  samples requi r ing  

hyperbol ic  func t ions  as shown i n  Figs. 15, 16, and 1 7  f o r  the r e spec t ive  

frequencies  of 8 ,  10 and 1 2  Kmc/s. 

Evaluat ion of loss tangent ( t a n  b j  

The loss tangent  i s  obtained from the measurements of Q of the c a v i t y  

system corresponding t o  two inse r t ions  of the sample d i f f e r i n g  by ha l f  a 

wavelength o r  any mul t ip le  of i t  inside the p a r t i a l l y  f i l l e d  po r t ion  of the  

cavi ty .  I n  fact ,  the  process of evaluating the l o s s  tangent from these 

measurements i s  broken up i n t o  two d i s t i n c t  s t eps ,  i .e. ,  f i r s t  t he  value of 

a t t enua t ion  in s ide  the p a r t i a l l y  f i l l e d  por t ion  i s  obtained which i s  l a t e r  

co r re l a t ed  t o  the loss  tangent of the sample. 

The reasons €o r  se l ec t ing  penetrat ions d i f f e r i n g  by ha l f  a wavelength 

can be understood by consider ing the sources of loss i n s ide  the c a v i t y  

system. These sources  of loss  are out l ined  below: 

(i) Losses 

(ii) Losses 

(iii) Losses 

( i v )  Losses 

(v) Losses 

a t  the  

From the  general  

Q =  u, 
where (1: i s  the 

occuring on the  cav i ty ' s  s idewal l s  (=P ) 

occuring on the cav i ty ' s  end w a l l s  (=P2) 

occuring through the coupling holes  (=P ) 3 
i n  the mater ia l  under t es t  (=P ) 

due t o  the c rea t ion  of h igher  order  evanescent modes 

d i scon t inu i ty  (=P ) 

d e f i n i t i o n  of Q f a c t o r ,  

x Power lost i n  the cav i ty  

angular  frequency. 

1 

4 

5 

Tota l  s tored  energy- i n  the c a v i t y  

For the present  cav i ty  system 

where w1 

w2 

is  the power s tored i n  the empty por t ion  of the c a v i t y  while 

is the  power s tored  i n  the p a r t i a l l y  f i l l e d  por t ion  of the cavi ty .  
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Now by i n s e r t i n g  the  d i e l e c t r i c  rod an i n t e g r a l  number of ha l f  

wavelengths, the  c a v i t y ' s  resonance condi t ion  i s  not dis turbed and i t  

remains resonant  a t  the same frequency. Since i n  the  present  condi t ion ,  

t he  f i e l d s  a t  the junc t ion  between the  two d i e l e c t r i c  por t ions  and the  

end walls remain the same and as  the coupling holes  are genera l ly  kept 

s u f f i c i e n t l y  away from the  end of the d i e l ec t r i c  specimen i n s i d e  the  

cav i ty ,  a l l  the  three  power l o s s e s  designated by P2, Pj, P5 
unchanged. The change i n  Q r e s u 1 . t ~  ch ie f ly  from the changes i n  PI 

and P4 which w i l l  be c a l l e d  P1' and P4' f o r  t h i s  new conf igura t ion  and 

from the changes i n  the s to red  energy 

as (wl' + w2'). Hence Q f o r  t h i s  case ,  say Q ' ,  i s  given by 

remain 

(w 1 +w2) which i s  now denominated 

Hence, 

A l l  these  P and w terms have been expressed i n  terms of the  var ious 

parameters of the cav i ty  including the  a t t enua t ion  i n  the  empty and 

p a r t i a l l y  f i l l e d  por t ions  and t h e  following equat ions have been obtained 

. c o r r e l a t i n g  the a t tenuat ion  w i t h  the measured Q f a c t o r s .  It w i l l  be 

shown i n  the appendix tha t :  
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where tl' = -Ll + Co and dl'  = dl  + do , following the convention of 

Equation (3). The terms Z, A, and fl stand r e spec t ive ly  f o r  wave 

impedance, guide wavelength, a t t enua t ion  and phase constants .  The s u f f i x  (1) 

a t tached  t o  these  terms r e f e r s  t o  these  q u a n t i t i e s  belonging t o  the empty 

por t ion  of the  c a v i t y  while the s u f f i x  (2) r e f e r s  t o  the  p a r t i a l l y  f i l l e d  . 

por t ion  of t he  cavi ty .  dl and C1 r e f e r  t o  the  lengths  of t h e  empty and 

the p a r t i a l l y  f i l l e d  por t ions  corresponding t o  the f i r s t  measurement of Q 

when the  sample was not  i n se r t ed  by an i n t e g r a l  number of h a l f  wavelengths. 

The equat ion (16) s i m p l i f i e s  considerably i f  one s t a r t s  wi th  a completely 

empty cav i ty ,  i . e . ,  

t o  

C1 = 0. I n  t h a t  case,  the resonance cond i t ion  s i m p l i f i e s  

ond 

where d i s  now the  t o t a l  length of the cavi ty .  40) 
It i s  poss ib le  t o  eva lua te  every term on the  l e f t  hand s i d e  of 

Eq. ( \ v ) w h i l e  a1 can be obtained from a sepa ra t e  experiment, hence cy2 

can be determined. 

and (\$I are appl icable  t o  both the conf igura t ions  under cons idera t ion .  

It has  been shown i n  the  appendix that W2 is related to t a n  6 by the  

It needs t o  be pointed out  t h a t  the expressions (17) 

fol lowing expressions.  



The Side F i l l e d  Case 

Rm 
related t o  (Y, by the expression, 

is  the  r e s i s t i v i t y  of the mater ia l  of the wa l l  of the  c a v i t y  and is 

where T i s  given by 

where lo is  the f r e e  space wavelength and b i s  the  narrow dimension of 

the guide. 

A l l  the  o ther  terms i n  the  equat ion (21) have the  same meaning as 

used e a r l i e r  i n  regard t o  the s i d e  f i l l e d  case.  

The computations needed t o  eva lua te  t a n  6 from the measurements of Q 

w i t h  the  use of Eqs. iI7) and (2\), even though s i m p l e r  as compared t o  the  

corresponding equat ions i n  the  e a r l i e r  paper a re  nonetheless  f a i r l y  lengthy. 

However, the eva lua t ion  of t an  6 from Q measurements i s  very considerably 
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s impl i f ied  by ma'king the following approximations: 

(i) The t o t a l  energy stored i n  the  cav i ty  remains unal tered 

corresponding t o  the two i n se r t ions  of the d i e l e c t r i c  specimen; 
2 (ii) The quant i ty  (ahall- a l 3  1 ) i s  neg l ig ib l e  compared to  

L2 L - 
01 2(dielectric) < where (Y 2 ( d i e l e c t r i c )  ?wall = [Y2) 

By using the above approximations i t  w i l l  be shown t h a t  i f  one s t a r t s  

from zero i n s e r t i o n  when x = Z d df$/d(O and goes t o  an i n s e r t i o n  of h a l f  1 1  
a wavelength in s ide  the cav i ty ,  t an  6 may be eva lua t  d from: e 

r - -  
where &)is the  t o t a l  l ength  of the  cav i ty  resonance corresponding t o  

zero  i n s e r t i o n  of the  cavi ty .  

Both the  approximations mentioned above a re  j u s t i f i a b l e .  Approximation 

(1) i s  v a l i d  due t o  the fact tha t  the  t o t a l  l ength  of the  cav i ty  is  very 

much longer than ha l f  a wavelength i n  the p a r t i a l l y  f i l l e d  po r t ion  (it may 

be made equal t o  s i x  wavelengths or  more long without any mechanical problems 

due t o  the  inherent  s impl i c i ty  of t he  arrangement) and hence the  d i f f e rence  

i n  the  s tored  energy i n  the  ha l f  wavelength long sec t ion ,  introduced due t o  

t h e  d i e l e c t r i c  i n s e r t i o n  is  p re t ty  neg l ig ib l e  compared t o  the t o t a l  s tored  

energy of the cavi ty .  It may e a s i l y  be shown from the arguments used i n  the  

d e r i v a t i o n  of the expression f o r  cy2 
t h a t  the r a t i o  of t h i s  energy d i f f e rence  

t o  the  total , /8tored energy of the empty cav i ty  i s  given by: . 

c -  

dw 



- 17- 

Equating the above expression t o  zero  a s  s t i p u l a t e d  i n  the  approxi- 

mation (l), f o r  a t yp ica l  s e t  of values  of A1, X2,  Z1, Z2, dP2/dw and 
-. 

dal/dw 

of less than 1% i n  the evaluat ion of 

W w  manner by f u r t h e r  increasing t h e  length of the cav i ty  -- a requirement 

which can be met simply. 

i n  a cav i ty  which ib f i v e  wavelengths long, r e s u l t s  i n  an e r r o r  

(y2. 
This  e r r o r  can be reduced i n  

1;QeaT 
Ir 

The second approximation introduces an e r r o r  due t o  the neglec t ing  

r ~ ~ ( ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ) .  
z: of t h e  quan t i ty  ( c ~ ~ ( ~ ~ ~ ~ )  - cy1 2 ) i n  comparison t o  

As a f i r s t  approximation one may assume the wa l l  l o s s e s  a r i s i n g  due to  z2 

the  imperfect conduct ivi ty  remain unchanged even a f t e r  the  i n s e r t i o n  of the  

I n  add i t ion  f o r  the usual  samples, the  @2wa11 = (“1. d i e l e c t r i c ,  i.e., 

change i n  the  value of the  wave impedance of the f i l l e d  s e c t i o n  of the  cav i ty  

a f t e r  i n s e r t i o n  of d i e l e c t r i c  sample i s  of the  order of 2 t o  4$, i.e., 

Z 2 z Z 1 .  Hence, the  quan t i ty  a2wall - ( ~ 2 )  ‘yl 

t o  be smaller  than a1 by an order of magnitude or  even more. Besides, 

f o r  a w e l l  s i l ve red  sur face ,  i f  the i n s e r t i o n  of the sample i n t o  the  cav i ty ,  

i n  general  tu rns  out  2 

by a length  equal t o  a ha l f  wavelength, r e s u l t s  i n  the  lowering of Q of 

the  cav i ty  by 1/3rd of i t s  value,  

of magnitude l a r g e r  than (ul. 

by t h e  second approximation i s  l e s s  than 2%. 

cy2dielectric t u rns  out  t o  be an order 

Hence, f o r  such a case,  the e r r o r  introduced 

Hence, i n  general  i f  one uses 

a cav i ty  made from a long length of w e l l  s i l ve red  waveguide, the use of the 

approximate equat ion (2%) r e s u l t s  i n  an e r r o r  of l e s s  than f i v e  percent i n  

t h e  eva lua t ion  of t a n  6 . 
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T h i s - s a c r i f i c e  i n  accuracy, which Is acceptable  f o r  most of the 

d i e l e c t r i c  measurements, r e s u l t s  however, i n  an enormous reduct ion of 

QI1 by computational work and the el iminat ion of the  need t o  eva lua te  

a separa te  experiment. 



I 
~ once again,  using the approximation mentioned e a r l i e r ,  one can ob ta in  

'r- 
(t=.135"), i n  a c e n t r a l l y  loaded configurat ion,  f o r  which the  guide wave- 

Ex ye L i m e  n t a i  ile s u i  cs 

Measurements of pe rmi t t i v i ty  have been -made on var ious sarnples of 

t e f lon ,  p lex i -g lass  and a vew ceramics, with values of 8 ranging up t o  

15. Some of these measurements have been made a t  the  frequency of 10 Kmc 

f o r  which t ab le s  have been computed and the values of the  parameters read 

d i r e c t l y  off there.  These va lues  have been found t o  be i n  good agreement 

w i t h  the  values ava i lab le  from other sources.  

r 

Typical curves of (d + 4 )  vs. .t obtained f o r  t e f lon ,  both f o r  the.s ide 

., loaded and the  c e n t r a l l y  loaded configurat ions have been shown i n  Figs .  (18) 

and (19) respec t ive ly .  The values  of c obtained from both of these were 

i n  e x c e l l e n t  agreement. 

r 

The (d + 4 , )  vs 4, curve obtained f o r  a t h i ck  sample of p lex i -g lass  

Fig. (20). 

The Q vs  4 curve f o r  a s ide  loaded configurat ion ( t e f l o n ,  t = .03") 
, . L  
1 -  

i s  shown in Fig. (21) .  The corresponding curve f o r  the c e n t r a l l y  loaded 

conf igu ra t ion  was a l s o  s imi la r .  

I The value of tan 6 was obtained by taking a number of d i f f e r e n t  p a i r s  

of p o i n t s  from Q vs t curve and the agreement i n  tan b value has been of 

the  o rde r  of the estimated accuracy of Q measurements. 

, L 

~ : 'in general ,  the  accuracy of measurement f o r  pe rmi t t i v i ty  i s  wi th in  15 
and t h e  accuracy of measurement of t a n  6 i s  wi th in  + 2%. However. i f  the - ,  
approximate ex i r e s s ion  f o r  the evaluat ion of t n 
accuracy of measurement of t a n  6 i s  wi th in  + 73. 6 be used, the estimated - 
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Discussion of Resul ts  and Conclusions 

(1) From the r e s u l t s  obtained i t  f o l l m s  t h a t  t h i s  method i s  capable of 

giving accurate  and r e l i a b l e  r e s u l t s  f o r  the  required parameters and the 

accuracy obtained by t h i s  i s  comparable o r  b e t t e r  than the accuracy obtained 

by the o ther  methods. 

(2) 

the  e a r l i e r  paper a r e  re ta ined  here a s  enumerated below. 

It may once again be s t a t e d  tha t  a l l  the  major advantages reported i n  

(i) The method of pe rmi t t i v i ty  measurement has t o  r e l y  on the use of 

a l a r g e  number of datum poin ts  and a s  such t h i s  is a prec is ion  method i n  the  
(r51 

sense defined by Olinecand Altschuler .  Also,  t a n  6 may be determined from 

many p a i r s  of r e s u l t s .  

(ii) From the  very nature of t he  arrangements used, there  i s  a w i d e  

choice i n  the  values  of the thicknesses of the  samples t h a t  could be in -  

ves t iga ted .  

conf igura t ions  gives  a wide range i n  the values  of the p e r m i t t i v i t i e s  t h a t  

could be measured. 

This technique because of the p o s s i b i l i t y  of using two d i f f e r e n t  
-the k~Gsib.t\i4\ of using h y b b o \ i c  j u n r h m  +oy centd8 \o&d r - p s w 4 a  

A 

(iii) A l l  the measurements are made a t  a f ixed  frequency which consider- 

ab ly  s impl i f i e s  the  experimental work. 

( iv)  Once again,  the  e r r o r s  introduced due t o  the  uneven f i n i s h  of the  
kt 6)  

end of the sample i n  the cav i ty  and the  t i l t e d  end wal l s  of the  cav i ty  a r e  

obviated.  

(3) The r e l a t i v e  s impl i c i ty  i n  the computational e f f o r t s  i s  a d i s t i n c t  

advantage of t h i s  method over the  previous one. For most of the requi re -  

ments where the accuracy of i7$ is adequate f o r  t a n  6 measurement, the 
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use of t he  approximate expression d r a s t i c a l l y  reduces the computations f o r  

the eva lua t ion  of t an  6. 

w i t h i n  546 by the use of the approximate expression. 

I n  the  majori ty  of the  cases ,  t a n  6 w i l l  be given 

( 4 )  .~ . l -ws -ntI-nJ -..et - . A c ~ -  4-A- t%- - - n ~ - ~ n - e  r r - r n . . - t n r m ~  v * q t ~  + ~ e  
U S L G C I L U U  U-i. l l V L  i . U L L G I  L L U U I  L L a L  pLVYL\rll&LI LlIbYL..IC'LLLU I A L ' L  L . l r  

e x c i t a t i o n  of unwanted modes i n t o  the cavi ty .  

(5) It may be mentioned t h a t  t h i s  method may very p r o f i t a b l y  be used f o r  

i nves t iga t ing  the  magnetic d i e l e c t r i e l i k e  f e r r i t e s  by s u i t a b l y  combining 

the measurements on a t h i n  f e r r i t e  sample, f i r s t  by placing i t  along the 

s idewal l s  and then by placing i t  along the center.  This technique with 

the f a c i l i t y  t o  pos i t i on  the  sample i n  the maxima of e l e c t r i c  or magnetic 

f i e l d  may be a very usefu l  method f o r  the  inves t iga t ion  of t h i n  f i lms .  
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Append ices 

1. Evaluat ion of the To ta l  Stored Energy (W + W 2 )  and the Losses (P 1 2  + P ) 1 

The s t e p s  required i n  der iving the Eq. (17) from Eq. (16) f o r  expressing 

the  a t t enua t ion  a2 i n  terms of Q and Q' are given below. 

For the eva lua t ion  of s tored  energy (Id 1 2  + W  ), the  c a v i t y  system i s  

represented  by the equiva len t  c i r c u i t  shown i n  Fig. ( 2 2 ) .  

and 4.; 

The lengths  d; 

as shown a r e  d i f f e r e n t  from the corresponding physical  l engths  by 

the  amounts .to , respec t ive ly ,  due t o  the phase e f f e c t s  introduced 

a t  t h e  junc t ion .  A s  the cav i ty  s y s t e m  i s  being considered a t  resonance, the 

equ iva len t  t ransmission system i s  shor t  c i r c u i t e d  a t  both the ends. 

and 

For c a l c u l a t i n g  the s tored  energy, the two sec t ions  shown i n  the c i r c u i t  

of Fig.  2, having d i f f e r e n t  propagation cons tan ts  a r e  considered separa te ly .  

Consider now the  s e c t i o n  t o  the r igh t  of the junc t ion  plane A shown i n  Fig.(23) and 



choose the coordinates  i n  such a manner t h a t  the d i s t ances  away from the s h o r t  

c i r c u i t  a r e  considered negat ive while the sho r t  c i r c u i t  i s  a t  the  plane Z = 0. 

S2 r ep resen t s  the c ross  s e c t i o n a l  a rea  of the  system a t  the  plane A and n 

is t h e  d i r e c t i o n  normal t o  
S2. 

For the  system under cons idera t ion  i f  E2 and H2 represent  the  t rans-  

i t  can verse  components of the e l e c t r i c  and magnetic f i e l d  a t  the  plane A, 

be shown tha t :  

E2(rrans) = D2 sin(B2Z) e,(x,y) (36.) 
. and 

I n  the above equat ions D2 and Y2 are re spec t ive ly  the amplitude co- 

e f f i c i e n t  and the  wave impedance w h i l e  

v a r i a t i o n  of the  f i e l d s  i n  the x , y  plane.  

z2(x,y) i s  t h e  func t ion  g iv ing  the 

It can be shawn13 by proper operat ions on the Maxwell equat ion tha t :  

Applying t h i s  r e s u l t  t o  the system under considerat ion,  i t  i s  seen t h a t  

the  only con t r ibu t ion  t o  the surface i n t e g r a l  S as shown i n  the Eq. 3 , i 8) 
arises due t o  the c ross  s e c t i o n  area S2 a t  the plane A. Afte r  car ry ing  

through the  mathematical operat ions,  i t  i s  found t h a t  the  energy W2 s to red  

5n t h e  s e c t i o n  t o  the r i g h t  of plane A as shown i n  Fig. (16) i s  given by 



-25- 
Simi la r ly ,  the energy s tored i n  the  s e c t i o n  shown t o  the l e f t  of plane 

A i n  Fig. (16 i s  given by 

Before w r i t i n g  the expression f o r  the t o t a l  energy (W + W  ), i t  is  1 2  

convenient f i r s t  t o  f ind  the  r e l a t i o n  between the amplitude cons tan ts  

and 

expressed f o r  a l o s s l e s s  cav i ty  as: 

D1 

D2 i n  the two sec t ions  by applying the  Poynting Theorem which is 

where S i s  the sur face  a rea  and V the  volume of the  cav i ty ,  bu t  S being 

a clased conductor i n  the case of a cavi ty .  Eq. (41) is equal t o  zero,  hence 

the t o t a l  s to red  magnetic energy i s  equal  t o  the t o t a l  s tored  e l e c t r i c  energy. 

Applying these  r e s u l t s  t o  the  system under cons idera t ion ,  i t  i s  found t h a t  

f 

J ( k , x g n d *  \ - c- { LK++).n ds 2 
s, 52 

)the eq. (49 P u t t i n g  i n  the values  of E2, H2 from equat ions (s and (37) 
g i v e s  



Using these r e s u l t s  together  with the r e s u l t  of Eq. (3 ) ,  the t o t a l  energy 

W = W1 + W2 is  given by: 

4- -/ah 

Consider now the case when the d i e l e c t r i c  rod is pushed f u r t h e r  i n s ide  
A, x. 

L I 
and then t h i s  reduces by - , i n  order to maintain 2 

by an amount equal  t o  - 
2 

resonance, for such a s i t u a t i o n ,  as the  f i e l d s  remain undis tor ted,  the ampli- 

tude cons tan ts  D1 & D2 remain unchanged. If the  new lengths  be c a l l e d  Ci 

, and d i ,  i t  can e a s i l y  be seen that:  i 
i 

i sec2@tdl,' = se++ "td,) 2 9c2&, 

Hence, car ry ing  through the same arguments a s  before ,  i t  can be seen 

t h a t  the t o t a l  energy Wi + W; i n  t h i s  conf igura t ion  i s  given by . 

i 
! 



s e c t i o n  may be 
“2 

sec t ion .  This  - “2 
2 Consider now the lo s ses  i n  - 2 

assumed t o  be equivalent  t o  a cav i ty  wi th  zero  end wal l  impedances, as  only 

the , t ransmission lo s ses  a r e  t o  be evaluated. As the  Q of t h i s  s e c t i o n  is 

q u i t e  high, i t  w i l l  be a per fec t ly  v a l i d  assumption t o  take the  impedance of 

t h i s  c a v i t y  t o  be zero  a t  resonance. 
I 

This g ives  

y2 , the  propagation constant  i n  t h a t  s e c t i o n  = a2 + jf12 (4-9) where 

The Q of t h i s  s ec t ion  may be evaluated by making the  resonant  f r e -  

quence w complex and equate it t o  w: + j p ,  w’ and p being i t s  r e a l  r r 

and imaginary components respect ively.  It has been shown13 t h a t  Q of 

the  c a v i t y  is  equal  t o  
u) r 
2P 

Q =- (SO) 
Since  w is assumed t o  be complex, hence f3, also becomes complex and r 
equa l  to:  

Hence 



S u b s t i t u t i n g  t h i s  value of y i n t o  Eq. (48) and us ing  Taylor ' s  expansion, 2 

one obta ins  
4 2  

m qa 
7 3 = I  idu 6% x 

(53 1 b =  - 
dp%/dw 

and the re fo re  : 

Using the d e f i n i t i o n  of Q as given i n  Eq. (\3), it fol lows t h a t  t he  

2 Q12& 
h2 energy l o s t  i n  the s e c t i o n  - = 2 

( 5 9  Energy s tored  i n  length h%/t~. /dpa/a,- - e  

Using the  expression f o r  s tored energy as  given i n  Eq. (391, the  

h2 sec t ion  = L D:o( X 5 %??'% (56, t ransmission lo s ses  i n  2 2 x 2  s, 4 
Simi la r ly  the t ransmission l o s s e s  i n  

( 57) - hl s e c t i o n  = 

&hC$'kransmission Losses i n  l e n g t h 2  - Transmission Losses in - 

Using the  r e s u l t  of Eq. e-&) i n  Eq. (47,;, one obta ins ,  - 

&l It may be mentioned t h a t  the above ana lys i s  is also appl icable  i f  

is changed by any mul t ip le  of h2 o r  by n h2. This  r e s u l t s  i n  the  genera l  

form of the above equat ion as given i n  Eq. (-\8>. 



As the  equat ions (10) and (a) con ta in  both the  angles  f3,d; and 

B2L;, f o r  the  s impl i c i ty  i n  computations i t  i s  found des i r ab le  t o  e l imina te  

one of the angles  by using the Equation (3). 
r .  

From the gene ra l i t y  of the foregoing der iva t ions  i t  i s  easy t o  see  t h a t  

the above equations a re  va l id  both f o r  the  s i d e f i l l e d  and the end f i l l e d  cases.  

2. Evaluation of the terms dfll/dw - and dg,/dci, . 
appearing i n  the above equation i s  evaluated very simply df31 The term - dw 

by d i f f e r e n t i a t i n g  the simple waveguide equat ion w r i t t e n  below 
2 L 

8 1  2 u 2 p &  - kc 
2n where K- is  a constant  being equal t o  

C 

on the other  hand i s  a more complicated func t ion  of a ,  t, K1 
dp2 
7 

dw 

and K2. Consider f i r s t  the s i d e  f i l l e d  case. D i f f e ren t i a t ing  the  equat ions 

(7') and ( g . ; ,  one obtains:  

S imi l a r ly ,  d i f f e r e n t i a t i n g  Eq, (GIa 

' from the equations (sa and (f;3\, it i s  easy t o  see t h a t  



and 

-30- 
dK, 

Putting the value of (>) dw from Eq. (64) into Eq.  (623, one gets 

L I n  a similar manner, 

the Equations ( g ) ,  ( l a )  and ( . \ t i  and one obtains 

- 
dw 

for the centrally f i l l e d  case i s  obtained from 

- 
3. Correlation of cr2 with tan 6 . 

The attentuation constant (a) i n  a transmission system i s  defined 

as 

- (71) Rate of power dissipation e -  

2 X Power flowing in the cross section a =  



- i 

I 
1 

-31- . 
I 

dP I For the case under cons idera t ion  - dP c o n s i s t s  of two p a r t s  - 
~ ’ dz(conductor)’ dz 

i.e., the puwer l o s s  due t o  the f i n i t e  conducting of the m e t a l l i c  w a l l s  

, i.e., the power losses  due t o  the dielectr ic  sample i t se l f .  dP and - 
dz( d i e  1) , 

It is  known tha t :  

where Rm is  the  sur face  r e s i s t i v i t y  and l H t l  is  the  magnetic f i e l d  

which i s  t angen t i a l  t o  the wa l l s .  The i n t e g r a t i o n  i s  carried out  f o r  the  

e n t i r e  sur face  a rea /un i t  l ength  of the  t r ansmi t t i ng  guide. 

t a n  6 i n  the  above equat ion i s  the l o s s  tangent term t o  be evaluated from 

the value of w2 and the in t eg ra t ion  i s  done a t  the volume occupied by 

the  d i e l e c t r i c  specimen per u n i t  length.  

x = b  9 ~ 4  F i n a l  1 y 

? =  ’ 5 5 E, b,+dx*Jy. 
* ?I x = o  9=0 

where Ex and Hy are the t angen t i a l  components of the f i e l d s  and the 

i n t e g r a t i o n  i s  ca r r i ed  out over the c ros s  s e c t i o n  of the waveguide. 

- . - _  - ?-A - __--- -- P u t t i n g  the values  of the  f i e l d s  : 

the Equations (!)3),(7+) and (75) one obta ins  the  c o r r e l a t i o n  of 

t a n  6 f o r  the s i d e f i l l e d  case as given i n  Equation (21 >. 
w2 with  

C .  Simi la r ly ,  pu t t i ng  the values of the f i e l d s  i ~ ..%:*?. 

I - -  - -  

express ion  f o r  cy2 i n  terms of t a n  6 

i n  equat ion  (2$). 

- i n  the Equations (73), (74) and (79, one obtains  the corresponding 

f o r  the c e n t r a l l y  f i l l e d  case as given 

I 



4. Derivat ion of the approximate r e l a t i o n  f o r  the  eva lua t ion  of t an  6 .  

If the  f i r s t  measurement of Q, say Q,, corresponds t o  zero  i n s e r t i o n s  

and the  second measurement, say 

follows then from Eq. (!?), ignoring the  d i f fe rence  i n  s tored  energy i n  the 

Q, , t o  ha l f  wavelength i n s e r t i o n ,  it 

two s i t u a t i o n s :  

a 0 
Now pu t t ing  the  value of X = from equat ions (21)) and (611, B, 

I 

is  the  resonant length of the empty cav i ty  
l (0)  

when d 

Hence 

Now i f  cy2 is w r i t t e n  as cr2(wall) i- w2(diel), one e a s i l y  obta ins  the  

Q' and Q correspond t o  Q2 and Eq. (38) from the Eqs. (2k) and C7@, where 

Q,, respec t ive ly ,  i f  {cy2(wall) - cyL hl /A2  ] be ignored i n  comparison 

Q (dielectr ic) .  

5 .  As mentioned e a r l i e r ,  Q of the cav i ty  i s  obtained a t  a f ixed frequency 

2 2  

2 

by t h e  tuning plunger by keeping .C f ixed  and varied.  The r e l a t i o n  between 

6d and 6f , the  corresponding frequency charge, is obtained by d i f f e r e n t i a t i n g  

Eq. (3) which gives  



, 

Fig. I. - Photograph of the Cavity System 
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